
I 

SEMIANNUAL STATUS REPORT NO. 1 

INVESTIGATION OF METEOROLOGICAL 

MEASUREMENT TECHNIQUES UP TO 100 KILOMETERS 

F i r s t  Semiannual Report Under 
Grant NGR-45-003-025 

For the per iod 
1 October, 1965, through 31 March, 1966 

MR 66-037 

University of Utah 
E l e c t r i c a l  Engineering Department 

Forres t  L. Staffanson 
Pr inc ipa l  Inves t iga tor  

Apr i l  15, 1966 

Forrest  L. Staffanson 



TABLE OF CONTENTS 

RESEARCH PERFORMED DURING REPORTING PERIOD 

EXPENDITURES DURING REPORTING PERIOD . . 
R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . . . . . 6 

APPENDIX A, ON THE CONDUCTION ERROR I N  THE THIN SUBSTRATE 7 

R e f e r e n c e s  . . . . . . . . . . . . . . . . ... . . . . . . . 11 

APPENDIX By A RESULT FROM THE PLANAR THIN SUBSTRATE INTEGRATOR, 

VERSION I . . . . . .  . . . . . . . . . . . . . . . . . . . . . 12 

APPENDIX C y  ON THE MINIMAL S I Z E  OF ROCKETSONDE TEMPERATURE SENSORS . 17 

R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . . . . . 26 
APPENDIX D, ON THE RELATIVE RADIATION SUSCEPTIBILITY OF THE FLAT 

PLATE, CYLINDER, AND SPHERE . . . . . . . . . . . . . . . . . . 27 

R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . .  . .  . 31 

APPENDIX E, COMMENTS ON THE ACTIVE RADIATION SHIELD CONCEPT FOR 

METEOROLOGICAL TEMPERATURE S E N S m S  0 32 

Glossary . . . . . . . . . . . .  . . . . . . . . . . . . . . 40 

R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . . . . . 43 

APPENDIX F, COMMENTS ON EVALUATION OF RADAR ERRORS FROM SF'HERE- 

RADARRECORDS . . . . . . . . . . . . . . . . . . . . . . . . . 44 



RESEARCH PERFORMED DURING REPORTING PERIOD 

Research has concentrated on the  cons t ruc t i on  of a mathematical 

model and computer s imulat ion of the f l a t  p l a t e  t h i n  s u b s t r a t e  type 

t h i n  f i l m  meteorological  temperature sensor .  Previous work f o r  the  

Naval Ordnance Laboratory had produced a model neglec t ing  the  conduction 

i n  the  plane of t h e  s u b s t r a t e  (Ref. 1, p. 39). During the  i n i t i a l  per iod  

of t h i s  research a supplementary theo re t i ca l  model w a s  conceived which 

provides  a q u a n t i t a t i v e  ind ica t ion  of t h i s  e r r o r  source,  and i l l u s t r a t e s  

t he  t r adeof f s  between design parameters. A b r i e f  p re sen ta t ion  of t h i s  

i s  included i n  Appendix A. 

A computer program w a s  derived, programmed, and t e s t e d  which 

computes the  time-varying temperature d i s t r i b u t i o n  i n  a f l a t - p l a t e  

sensor .  This i n t e g r a t o r  allows the s p e c i f i c a t i o n  of t he  s u b s t r a t e  

dimensions, boundaries,  and composition, inc luding  deposi ted t h i n  f i lm  

l a y e r s  of chemically s t a b i l i z i n g ,  r ad ia t ion  sh ie ld ing ,  e l e c t r i c a l l y  

conducting, o r  temperature sensing materials, V i r t u a l l y  any conductor 

conf igura t ion  on the s u b s t r a t e  can b e  spec i f i ed  i n  t h i s  i n t e g r a t o r .  

The intended general  purpose q u a l i t i e s  of the  i n t e g r a t o r  cause it t o  

be somewhat expensive i n  machine t i m e .  Research has  continued toward 

decreas ing  the computer time required i n  i t s  use.  A l t e rna te  approaches 

a re  under inves t iga t ion .  Appendix B i l l u s t r a t e s  some of the  prel iminary 

r e s u l t s  produced by t h e  i n t e g r a t o r .  A complete t h i n  f i l m  sensor 

s imulator  i s  envisioned which may include an  improved ve r s ion  of t h i s  

i n t e g r a t o r ,  together  with means of computing o r  in t roducing  the  e f f e c t s  



of parachute  motion, r a d i a t i o n  and convect ive environments, e lec t r ica l  

c u r r e n t s ,  and perhaps c h a r a c t e r i s t i c s  of  the  da ta  handl ing and processing 

sys  t e m s  . 
Inves t iga t ion  has been under way i n  response t o  c e r t a i n  quest ions 

which have a r i s e n  i n  connection with the  technica l  act ivi t ies  a t  NASA 

Langley Research Center. The not ion t h a t  immersion thermometers must 

be l a r g e r  i n  dimension than the  atmospheric mean f r e e  path length i s  

under sc ru t iny .  It appears t h a t  there  is  advantage i n  decreasing 

sensor  s i z e  down t o  the  v i c i n i t y  of the mean f r e e  pa th  length,  bu t  

n e i t h e r  advantage nor disadvantage i n  decreasing beyond t h i s  l i m i t .  

Some observat ions generated during the  r epor t ing  per iod are  included 

i n  Appendix C. 

The r e l a t i v e  m e r i t  wi th  respect t o  r a d i a t i o n  e r r o r  of d i f f e r e n t  

sensor  shapes has  been under study. Ce r t a in  da t a  concerning r a d i a t i o n  

geometric f a c t o r s  f o r  spheres,  p l a t e s ,  and cy l inde r s  are indica ted  i n  

Appendix D. 

v a r i a t i o n ,  degree of inhomogeneity, and uncer ta in ty)  of t he  n a t u r a l  

r a d i a t i o n  environment (albedo and longwave). The n u l l  reg ion  of t he  

p lanar  sensor  ( i n  the  plane of  the  sensor)  may prove t o  be a use fu l  

f e a t u r e  of t h a t  shape, e s p e c i a l l y  i n  connection with the r a d i a t i o n  

s h i e l d  concept.  

prototype hardware using these  ideas  a re  being pursued and w i l l  be 

repor ted  as  r e s u l t s  are obtained.  

s h i e l d  i s  ind ica ted  i n  Appendix E. 

Data are y e t  being gathered concerning the  na ture  ( t i m e  

Analyses a n t i c i p a t i n g  i n d u s t r i a l  development of 

Preliminary th inking  on the  act ive 
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Previous work on the  radar-tracked i n f l a t e d  f a l l i n g  sphere 

technique (Ref. 2, p .  56) succeeded i n  de t ec t ing  and eva lua t ing  a 

c y c l i c  radar  e r r o r  from the radar  da ta .  Further work i s  g e t t i n g  under 

way toward eva lua t ing  radar  e r r o r s  sys temat ica l ly  per f l i g h t .  Appendix F 

conta ins  prel iminary ideas  i n  t h i s  d i r ec t ion .  Close cooperation from 

Sandia Corporation i n  t h e i r  cur ren t  i n f l a t e d  f a l l i n g  sphere experiments 

i s  expected t o  provide va luable  information and da ta  inpu t s  t o  t h i s  

work. It i s  hoped t h a t  s u f f i c i e n t  information and da ta  from a v a r i e t y  

of o ther  radar- t racked high a l t i t u d e  sphere f l i g h t s ,  such as those of the  

Universi ty  of Michigan a t  Wallops and a t  sea,  and perhaps those of 

E 5 a p e a r s o n  a t  Woomera, w i l l  be obtained a l s o .  

Some t i m e  i s  required during the course of the  work, e spec ia l ly  

i n  the  i n i t i a l  per iod of the  pro jec t ,  t o  ob ta in  and o r i e n t  se lec ted  

graduate research a s s i s t a n t s .  More such s tudents  w i l l  j o i n  the  p r o j e c t  

i n  the summer and ensuing academic quar te rs ,  and acce le ra t ion  of the work 

w i l l  follow accordingly.  

during the next r epor t  period together with publ ica t ion  of the  assoc ia ted  

research .  

Two master ' s  theses  a r e  expected t o  be completed 

Travel included two t r i p s ,  one during the week of 30 January t o  

4 February, 1966, with v i s i t s  t o  NASA Marshall Space F l i g h t  Center, 

Huntsv i l le ,  Alabama (Mr. T. C. Bannister on r a d i a t i o n  environment), 

ESSA Nat ional  Weather Records Center (Dr. H. Crutcher on the  e r r o r  study 

f o r  Langley), ESSA Office of  Ik teoro logica l  Research ( D r .  S .  Teweles on 

instrument e r r o r  experiments), NASA Langley Research Center ( M r .  R .  Henry 

e t  a l . ,  f o r  coordinat ion and technical  d i scuss ion  r e l a t i v e  t o  the  p ro jec t ) ,  
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and the Naval Ordnance Laboratory ( M r .  G. Sloan on Robinette experiments 

and data processing), 

Applied Meteorology of the American Meteorological Society with the 

American Institute of Aeronautics and Astronautics in Los Angeles, 28-31 

March, 1966. Professor D. R. Dickson of the University's Meteorological 

Department and two graduate research assistants also attended this 

conference in connection with the research activities under the grant. 

Worthwhile discussions at UCLA (Drs. M. G. Wurtele of Meteorology, 

C. T. Leondes of Engineering, and others) were held also while in 

Los Angeles. 

with technical monitoring personnel from NASA Langley Research Center. 

The second trip was to the Sixth Conference on 

Technical discussions were held while at this meeting 
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APPENDIX A 

ON THE CONDUCTION ERROR IN THE T H I N  SUBSTRATE 

A q u a n t i t a t i v e  ind ica t ion  of t he  t h i n  s u b s t r a t e  sensor e r r o r  

due to  thermal conduction t o  the  support frame i s  given by the  following 

one-dimensional model. Consider a t h i n  planar  s u b s t r a t e  of thickness  6 

held  i n  a c i r c u l a r  frame of r ad ius  b. L e t  the  frame temperature T 

the  convective equi l ibr ium temperature T ( t h e  s teady  s ta te  sensor 

temperature with zero conduction e r ro r ) ,  and the  e f f e c t i v e  c o e f f i c i e n t  

of convective h e a t  t r a n s f e r  H a l l  be cons tan t .  Let the  conductive 

p r o p e r t i e s  of the  subs t r a t e  be represented by the  usual  symbols: k, 

thermal conduct iv i ty ;  p, mass densi ty ,  c ,  s p e c i f i c  hea t .  The hea t  

equat ion then i s  

f Y  

e 

@(b, t )  = ef, @(O, t )  = f i n i t e  I I  
're where r i s  the  r a d i a l  pos i t i on  i n  the s u b s t r a t e  and 6' = T - 

Applying the  Laplace transform and imposing the add i t iona l  

boundary condi t ion  o f  uniform i n i t i a l  temperature b r ings  the  equation 

f o r  the  transformed va r i ab le  q ( r ,  s) 

- 7 -  



a = -  2H 6 ( r ,  0) = O f .  This i s  a modified 
PC , where we have s e t  A 

Bessel equation of zero order  in t h e  t r ans l a t ed  v a r i a b l e  q(r, 

= E, 
s )  - 

+ h2a2). The l i n e a r  t r ans l a t ion  i n  s ind ica t e s  a time cons tan t  

T = 1/X2a2 = pc6/2H 

which i s  i d e n t i c a l l y  the  p r i n c i p a l  t i m e  cons tan t  of the  t h i n  subs t r a t e ,  

independent of the  frame, discussed elsewhere (Staffanson 1965, pp. 44-48) 

and corresponds t o  the  " f i r s t "  time cons tan t  observed i n  experiment 

(Weld, Lunde 1965, pp. 6 .1  f f ) .  We have el iminated Weld's "second" t i m e  

cons t an t  here  by pos tu l a t ing  constant  boundary temperatures. The r ap id  

thermal response of  the  t h i n  subs t ra te ,  demonstrated both t h e o r e t i c a l l y  

and experimentally i n  the  c i t e d  references,  e s s e n t i a l l y  assures  continuous 

thermal equi l ibr ium of the  sensor.  Therefore the  conduction e r r o r  w i l l  be 

t h a t  assoc ia ted  with the  s teady-s ta te  condi t ion .  

The s teady-s ta te  temperature d i s t r i b u t i o n  i n  the  present  model 

i s  given by the  time-independent heat  equation 

The boundary condi t ion  r equ i r ing  t h e  so lu t ion  t o  be f i n i t e  a t  the  o r i g i n  

n e c e s s i t a t e s  r e j e c t i o n  of the  modified Bessel func t ion  of the  second kind, 

leav ing  us f o r  t he  so lu t ion  the  modified Bessel func t ion  of zero order  

of the  f i r s t  kind. Applying t h e  boundary temperature a t  the  frame br ings  
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the so lut ion 

This temperature distribution i s  i l l u s t r a t e d  i n  Fig. 1. 

1 . 0  
I I I I I I I I 

c 
0.8 - 

0.6 - 
0;4 L 

0.2 - 
0 

c 

- 

0 0 . 5  r l b  1 .0  

0.0 

0.2 

0.4 

0.5 

0.7 

0.8 

0.9 

Q/ef 

Ab = 2 

(see R e f .  3, Tables 4 . 4 ,  9 - 8 )  

10 - 5 - - 
0.44 0.0365 

0.046 

0.51 0.083 

0.55 0.0097 
0.06 

0.415 0.152 

0.39 

Fig. 1. Steady-state conduction error i n  a uniform 
thin  substrate.  

e 
ef 
- 

Several useful  parametric curves can be derived from t h i s  model 

according to need. The conduction error would b e  some average of  the 
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I 
F 

I 

temperature over t h e  sensing region of t h e  s u b s t r a t e .  Suppose, f o r  

i l l u s t r a t i o n ,  t h a t  t he  sensing region is  centered with r ad ius  b/2, 

and i t  i s  des i r ed  t h a t  the  temperature of t h i s  sensing region remain 

wi th in  one degree of T (i.e.,  8 < l), though the franle temperature may exceed r 

T by as much as 100 degrees (e/ef C 0.09. Then i t  i s  seen - r 
2H must be about 10 or g r e a t e r ,  

b ( G  from Fig.  1 t h a t  the  parameter Ab = 

If, f u r t h e r ,  t h i s  is  t o  be required a t  70 km a l t i t u d e  where H is approxi- 

mately un i ty  f o r  t yp ica l  f a l l  speeds, and the  s u b s t r a t e  (frame) is 1 c m  

i n  diameter and has  thermal conduct ivi ty  k = 0.03 cal/m sec Ok, then i t s  

th ickness  must no t  exceed about 1 7  microns o r  2 /3  m i l .  

S ince s u b s t r a t e  thicknesses  of considerably less than t h i s  are 

a n t i c i p a t e d ,  i t  appears t h a t  t he re  w i l l  be allowance for  a d d i t i o n a l  

conductive e f f e c t s  of the  e l e c t r i c a l  conductors and ample l a t i t u d e  f o r  

adjustment of the  va r ious  design parameters i n  a r r i v i n g  a t  an optimal 

conf igura t ion .  

A two-dimensional model which inc ludes  the  thermal e f f e c t s  

of t h e  e lectr ical  conductors on the  s u b s t r a t e  w i l l  prove usefu l  f o r  

t he  s tudy  of s p e c i f i c  sensor designs. 
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APPENDIX B 

-4 RESULT PROM THE PL4NAR THIN SCTBSTRATE I'?!TE!XATOR, VERSION I 

Subs t ra te  Conductor 

T h i c  kne s s 6 x m 1 x m 

Thermal conduct iv i ty  0.151 watts/m°K 293 wa t t s  /m"K 

S p e c i f i c  hea t  1254 joules  /kg°K 128 jou le s  /kg°K 

Mass dens i ty  13 90 kg /m 3 19,300 kg/m 3 

Absorp t iv i ty  0.2 0.2 
F 

The thermal response of t h e  hypothe t ica l  sensor descr ibed i n  

Fig. 1 and Table I below was computed by the  p lanar  t h i n  s u b s t r a t e  

TNC 
0 * 5 c m  1 

\/. 
Fig. 1. Conductor conf igura t ion .  

i n t e g r a t o r  (vers ion I). The temperature of t h e  U-shaped frame was 

held cons tan t  a t  t he  i n i t i a l  uniform va lue  (300°K), while  t he  f i l m  

temperature T(x, y ,  t )  responded t o  t h e  convect ive,  conductive and 
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radiat ive  environment. The environment a l s o  was held constant for t h i s  

run according t o  nominal conditions for para l l e l  flow a t  70 km a l t i t u d e  

i n  dayl ight  shade. 

the f i l m .  F ig .  2 i l l u s t r a t e s  the behavior i n  t i m e  of se lected  points  

The so lut ion was produced a t  40-lcm intervals  over 

300" 

280" 

h 

0 
W 

M 

aJ 
& 
3 

(d 
& 
al a 

E-l 

L, 260" 

E, 

240" 

0 0.5 1.0 
Time ( s e c . )  

Fig. 2 ,  Time h i s tory  a t  se lected  points  on the sensor. 

1.5 

- 13 - 
/ 



on t h e  f i lm.  

element. Point "b" represents  a point remote from the  conductor, and 

po in t  "c" is on the  conductor f i lm about one-eighth of t he  d i s t ance  

from the  frame t o  the  s e n s i t i v e  point  "a." The i n t e g r a t o r  output i s  

i l l u s t r a t e d  by the  temperature d i s t r i b u t i o n  a t  t = 1.5 sec. tabulated 

i n  Table 11. 

Point "a" represents  the  pos i t i on  of the  temperature sensing 

Since the  hypothe t ica l  model is symmetric with r e spec t  t o  the 

c e n t e r  l i n e ,  only t h e  temperature d i s t r i b u t i o n  of the  l e f t  ha l f  plane 

w a s  computed. 
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300.0 
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300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 

300.0 
- 

241.5 

240.3 

240.4 

300.0 

295.1 

279.9 

268.6 

263.5 

261.2 

260.3 

250.0 

259.8 

259.8 

259.8 

259.8 

259.8 

259.8 

259.8 

259.8 

259.8 

259.8 
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259.8 

259.8 
- 

i 

__I 

300.0 

290.6 

286.3 

269.3 

255.8 

249.9 

247.5 

246.5 

246.1 

246.0 

246.0 

245.9 

245.9 

245.9 

245.9 

245.9 

245.9 

245.9 

245.9 

245.9 

245.9 - 

300.0 

277.4 

282.3 

278.6 

262.9 

250.3 

244.9 

242.7 

241.8 

241.5 

241.4 

241.4 

241.4 

241.4 

241.4 

241.4 

241.4 

241.4 

241.4 

241.4 

241.4 
- 

300.0 

267.6 

267.0 

275.2 

272.1 

258.5 

247.5 

242.9 

241.1 

240.4 

240.1 

240.0 

240.0 

240.0 

240.0 

240.0 

240.0 

240.0 

240.0 

240.0 

240.0 

300.0 

263.0 

254.9 

260.9 

269.3 

266.7 

255.2 

245.9 

242.1 

240.5 

239.9 

239.7 

239.6 

239.6 

239.6 

239.6 

239.6 

239.6 

239.6 

239.6 

239.6 

300.0 

261.0 

249.5 

249.5 

256.9 

264.4 

262.2 

252.5 

244.8 

241.5 

240.2 

239.8 

239.6 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 

300.0 

260.3 

247.3 

244.6 

246.9 

253.8 

260.3 

258.5 

250.4 

243.9 

241.2 

240.1 

239.7 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 

300.0 

259.9 

246.4 

242.6 

242.7 

245.4 

251.4 

256.9 

255.4 

248.6 

243.2 

240.9 

240.0 

239.6 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 

, 

--. 

300.0 8300.0 i 

259.8 

246.1 

241.8 

241.0 

241.8 

244.3 

249.5 

254.1 

252.8 

247.2 

242.6 

240.7 

239.9 

239.6 

239.5 

239.5 

239.5 

239.5 

239.5 

239.5 
- 

247.9 

251.7 

250.7 

246.0 

242.1 

240.5 

239.9 

239.6 

239.5 

239.5 

239.5 

239.5 

239.5 
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300.0 

259.8 

246.0 

241.4 

240.1 

239.9 

240.2 

241.0 

242.9 

246.5 

249.8 

249.0 

245.0 

241.8 

240.4 

239.9 

239.6 

239.5 

239.5 

239.5 

239.5 

300.0 

259.8 

245.9 

241.4 

240.0 

239.7 

239.7 

240.1 

240.8 

242.4 

245.5 

248.2 

247.5 

244.2 

241.4 

240.3 

239.8 

239.6 

239.5 

239.5 

239.5 
- 

300 .) 0 

259.8 

245.9 

241.4 

240.0 

239.6 

239.6 

239.7 

240.0 

240.6 

241.9 

244.6 

246.9 

246.3 

243.5 

241.2 

240.2 

239.8 

239.6 

239.5 

239.5 

Table 11, continued 
- 

300.0 

259.8 

245.9 

241.4 

240.0 

239.6 

239.5 

239.5 

239.6 

239.9 

240.5 

24.16 

243.9 

245.8 

245.3 

243.0 

241.0 

240.1 

239.7 

239.6 

239.5 

300. C 

259.8 

245.9 

241.4 

240.0 

239.6 

239.5 

239.5 

239.5 

239.6 

239.9 

240.5 

241.6 

243.4 

244.9 

244.5 

242.5 

240.9 

240.1 

239.7 

239.8 

300.0 

259.8 

245.9 

241.4 

240.0 

239.6 

239.5 

239.5 

239.5 

239.6 

239.8 

240.3 

241.1 

242.4 

243.4 

244.1 

244.0 

242.3 

240.8 

240.0 

239.7 

300.0 

259.8 

245.9 

241.4 

240.0 

239.6 

239.5 

239.5 

239.5 

239.6 

239.9 

240.6 

242.3 

243.7 

243.8 

243.9 

243.9 

243.8 

242.3 

240.7 

240.0 

- 
300. C 

259.€ 

245.5 

241.4 

240. C 

239. t 

239.5 

239.5 

239.5 

239.7 

240.2 

241. E 

243.7 

243.7 

243.8 

243.8 

243.8 

243. a 

243.7 

241.7 

240.5 

300.0 

259.8 

245.9 

241.4 

240.0 

239.6 

239.5 

239.5 

239.6 

239.8 

240 . 6 
242.3 

243.7 

243.7 

243.7 

243.8 

243.8 

243.7 

243.7 

242.4 

241.0 

- 
300.0 

259.8 

245.9 

241.4 

240.0 

239.6 

239.5 

239.5 

239.6 

240.0 

241.3 

243.6 

243.7 

243.7 

243.7 

243.7 

243.7 

243.7 

243.7 

243.7 

241.7 
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APPENDIX C 

ON THE MINIMAL SIZE OF ROCKETSONDE TEMPERATURE SENSORS 

The not ion  t h a t  t he re  is a m i n i m a l  c h a r a c t e r i s t i c  length f o r  

opt imal  performance of a parachute-borne h igh -a l t i t ude  immersion- 

type meteorological temperature sensor i s  examined i n  the  following way. 

Consider the  hea t  equation of the  sensor ( the  body located i n  

the  a i r  stream) i n  t h e  simple form 

where 

T = sensor temperature (considered uniform f o r  small sensors)  

C = sensor h e a t  capac i ty  

t = time 

h = convective c o e f f i c i e n t  

A = sensor (convective) surface a rea  

Tr = recovery temperature of the  a i r  stream r e l a t i v e  t o  the  sensor 

q = hea t  input  r a t e  to  the sensor due t o  a l l  sources o ther  than 

convection ( i . e . ,  a l l  sources of sensor e r r o r )  

I f  C (or  the  sensor t i m e  constant)  i s  s u f f i c i e n t l y  s m a l l ,  the  dynamic 

e r r o r  w i l l  be i n s i g n i f i c a n t  and T w i l l  continuously follow i t s  equi l ibr ium 

value.  

w 
Te = Tr + h  
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The sensor s teady-s ta te  e r r o r  der iving from h e a t  sources o ther  than 

convective hea t  t r a n s f e r  with the  a i r  stream, including . 

a .  Radiation with the  loca l  and d i s t a n t  environment 

b. E l e c t r i c  power d i s s ipa t ion  wi th in  the  sensor due t o  radio-  

frequency o r  monitoring cu r ren t s  

c .  Thermal conduction through support ing o r  electrical  connections 

Since the  most formidable among these  e r r o r  sources f o r  i s  given by q/hA. 

f u t u r e  designs w i l l  l i k e l y  be rad ia t ion ,  and s ince  r a d i a t i v e  hea t  input  

i s  i n  general  p ropor t iona l  to  A, we a s s e r t  t h a t  q/A f o r  a given sensor 

conf igura t ion  i s  e s s e n t i a l l y  independent of sensor s i ze .  Thus the  

dependence of the  sensor e r r o r  on c h a r a c t e r i s t i c  length r e s i d e s  i n  h .  

W e  a r e  lead t o  ask  how h depends on size,i .e. , to examine the  func t ion  

h(L) ,  where L i o  t h e  c h a r a c t e r i s t i c  length of the sensor .  Choosing the  

f l a t  p l a t e  i n  p a r a l l e l  flow, and the flaw condi t ions  assoc ia ted  with the  

a l t i t u d e  i n t e r v a l  60 - -  < z < 90 km, we f i n d  t h a t  the  flow regimes encountered 

extend from t h e - f r e e  molecule to s l i p  flow. Associated parameter va lues  

a r e  tabula ted  i n  Table I Staffanson, 19653. L and L a r e  the  charac- c t C 

t e r i s t i c  lengths  assoc ia ted  with the t r a n s i t i o n  flow boundary 

(M/ E= 0.1) and the  continuum flow boundary r e spec t ive ly .  

The atmospheric parameters are taken from the  U. S. Standard Atmosphere 1962. 

The remaining q u a n t i t i e s  are based on approximate ARCAS parachute f a l l  

speeds,  except t h a t  an a r b i t r a r y  f a l l  speed of 440 m / s  was used a t  90 km. 

The convection c o e f f i c i e n t  is a v a i l a b l e  f o r  free-molecule flow from 

Oppenheim (1953) i n  terms of Stanton number S and accommodation 

c o e f f i c i e n t  Q ( t o  which w e  s h a l l  ass ign the  a r b i t r a r y  va lue  0 = 0.88 

t 
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TABLE I 

70 80 

8.75 2.00 

174 367 

297 269 

.54 1.36 

PARAMETER VALUES ASSOCIATED W I T H  FLOW 
CONDITIONS ON A TYPICAL METEOROLOGICAL SONDE 

90 

.317 

440 

269 

1.63 

P (kg /rn3)1 0’ 30.6 

v(m/sec) 93 

M I .29 

.0532 

e R 1750L 

.0048 

k(watt/m°K) 10 

0.266 
I 

1060L 

.0326 

19.8 I 17.4 I 16.4 
~~ 

,928 4.07 25.6 

fo r  p l o t t i n g  purposes). 

L << x 

In  free-molecule flow h i s  independent of L, though L > 101 will 

i n d i c a t e  t r a n s i t i o n  or s l i p  flow conditions r a t h e r  than f r e e  

molecule condi t ions .  

- 19 - 



r 

Under s l ip - f low condi t ions  S i s  taken from the  expression t 

[ l a k e  and Kane 1 9 ~ 0 1  

x2=F 6.9M 

The dependence of the convection c o e f f i c i e n t  on t h e  sensor s i z e  

h(L),  according t o  the  above cons ide ra t ions , i s  displayed by 

Fig.  1. Expressions f o r  the t r a n s i t i o n  regime a r e  notably absent .  It 

has been the p r a c t i c e  of the author and o the r s  t o  assume a simple i n t e r -  

po la t ion  between the  f r e e  molecule and the bordering s l i p - f  low va lues  

f o r  convection c o e f f i c i e n t  va lues  i n  the  t r a n s i t i o n  region. Unless 

a d d i t i o n a l  information exists ind ica t ing  a s i g n i f i c a n t l y  l a rge r  h than 

i s  ind ica ted  by the  in t e rpo la t ed  curves (such a s  might be provided by 

empir ical  agreement with ex t rapola t ion  of the  s l ip - f low funct ion  beyond 

i t s  published l i m i t ) ,  there  i s  no reason t o  expect a decrease i n  

meteorological  sensor performance when i t s  s i z e  decreases  beyond the mean 

f r e e  path.  There appears t o  be an advantage in decreasing sensor s i z e  

down t o  the  s i z e  a t  which the  flow e n t e r s  the  t r a n s i t i o n  rkgion, and 

perhaps a decreasing advantage down to  the v i c i n i t y  of the  mean free 

path length.  Smaller s i z e s  would be expected t o  demonstrate no 

increased (nor decreased) accuracy with r e spec t  t o  r a d i a t i o n  e r r o r s .  Notice 

t h a t  the  advantage of decreasing a given sensor s i z e  i s  r ea l i zed  more a t  the  

lower a l t i t u d e s .  

I 
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- 2  

3 
Fig. 1. Flat plate cQnvection coefficient h (watts/'km&) vs. characteristic 

length L (meters) 'at selected altitudes Z (km). 
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Fig. 1, continued. 
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These r e s u l t s  apply t o  spheres and cy l inde r s  a s  we l l  as to  

the  f l a t  p l a t e ,  a s  i l l u s t r a t e d  by the following. Consider t he  average 

s l ip- f low expression f o r  spheres Kavanau 1953, 1955 

where [Eckert and Drake 1959, p. 2501 

NZ = 2 + 0.37 Re O a 6  & = 2 + [0.37&(:)0.6]D0*6 

The convection c o e f f i c i e n t  h i s  given by 

and f o r  cons tan t  flow condi t ions  h(D) i s  given by 

2 + bDo*6 = k  klD - k - 
1 a + a  D + a(2 + bDom6) a+- N u  D 

h =  

2 + bDoa6 

The s lope  of h ( D )  i s  seen t o  be negat ive as i n  the  case of the  f l a t  

p l a t e  

ah 
aD 
- =  

[D + a(2 + bD 

and the  va lue  of h a t  the t r a n s i t i o n  boundary is  d e f i n i t e l y  less than 

t h a t  f o r  f r e e  molecule flow. Values a r e  l i s t e d  i n  Table 11. 

I 
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TABLE I1 

Z(km1 

60 

7 0  

CONVECTION COEFFICIENTS BORDERING TRANSITION REGION FOR SPHERE 

(h s l i p )  max h molec. 

9.93 27.5 

2.15 7.87 

1 I I i 

90 .0605 0.334 

I 80 I .4119 I 1.91 I 

The diameter assoc ia ted  with the  boundary between s l i p  and t r a n s i t i o n  

flow i s  given by the  condi t ion ) <  0.1 and is equal to  L : 
t 

M V/Vs 
= fm = 0.1 

100 
V Dt = - Mq 
S 

A s imi l a r  examination fo r  the  cyl inder  br ings  s imi l a r  r e s u l t s .  

Ney, Maas, and Hugh 1961 s t a t e  t h a t  the hea t  t r a n s f e r  per C I  
u n i t  length per u n i t  temperature d i f fe rence  i s  a cons tan t ,  almost 

independent of the  diameter of the  cy l inde r .  This i m p l i e s  t h a t  the  

convection c o e f f i c i e n t  i s  approximately inve r se ly  propor t iona l  

t o  the  diameter, thus having a negative s lope  a s  shown above f o r  the 

f l a t  p l a t e  and sphere.  Though the conclusions concerning reduct ion  of 

sensor s i z e  a r e  c o n s i s t e n t  with the above observat ions,  i t  i s  noted 
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that  the study by Ney, e t  a l . ,  concerns balloon-borne sensors and 

therefore l i e s  i n  the realm of much lower vent i la t ing  speeds (lower 

than 5 meters/second) and lower a l t i tudes  (lower than 50 km, lmb). 

I 
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APPENDIX D 

t 

ON THE RELATIVE RADIATION SUSCEPTIBILITY 
9F THE F i i T  ?I&TE, CYLINDER,  AND SPHERE 

The r a d i a t i o n  inc ident  from a "black" polar  cap of temperature T 

4 i s  UT fA, where f i s  a dimensionless geometric f a c t o r  r e f e r r e d  t o  the  

a r e a  A. Choose A t o  be the  surface area of the small 

2 a.  Thin p l a t e ,  np 

b. Short  cy l inder ,  2npJ 

e. Sphere, 4 x p  
2 

The geometric f a c t o r  v a r i e s  with the magnitude of the  s o l i d  angle,  i.e., 

ha l f -angle  B o ,  subtended by the  d i s t a n t  po lar  cap, and v a r i e s  with the  

o r i e n t a t i o n ,  i . e . ,  aspec t  angle  y. Exact a n a l y t i c a l  func t ions  a r e  

de r ivab le  f o r  c e r t a i n  s p e c i f i c  cases. For example, f o r  the  sphere which 

i s  symmetric i n  y: 

f = (1 - COS 6 ) / 2  0 

and f o r  the p l a t e  a t  y = n/2 (Ref. 1, p. .24):  

0 s in  2 8 *O f =  - -  
x 2 

I n  cases  where every po in t  of each su r face  sees every po in t  of t he  o the r  

sur face ,  the  geometric f a c t o r  i s  ca lcu lab le  using Stokes' theorem and a 

contour i n t e g r a l  (Ref. 1). I n  general ,  however, numerical i n t e g r a t i o n  

i s  requi red .  Data have been adapted from work done elsewhere (Ref. 3) 

and a r e  exemplified by the  Figs. 1, 2, and 3. 

I 
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Flat  p la te  Cylinder Sphere 

Fig. 1. I l l u s t r a t i o n  of the half  angle O0 and aspect  angle y. 
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Fig. 2. Comparison of the geometric factor for 
the f l a t  p late ,  cyl inder,  and sphere. 
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Fig. 3. Geometric factor o f  t h e  f l a t  p la te  and cyl inder 
referred to that  of  the sphere. 
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The r e l a t i v e  r ad ia t ion  s u s c e p t i b i l i t y  of given sensor shapes 

depends on the r e spec t ive  convection c o e f f i c i e n t s  h a s  w e l l  a s  on the 

r a d i a t i o n  geometric f a c t o r  f .  A t  equilibrium, assuming no o ther  

s i g n i f i c a n t  h e a t  inputs ,  the  n e t  heat  flow from convection and r a d i a t i o n  

i s  zero.  

L inear iz ing  the  q u a r t i c  terms and solving f o r  the r ad ia t ion  e r ro r  

per degree r a d i a t i o n  temperature 

1 T - T  

TR - Tr 
e r -  - 

1 + h/C40T3)f a 

the  r a d i a t i o n  s u s c e p t i b i l i t y  may be viewed a s  a r ec ip roca l  funct ion 

of the r a t i o  h/f  sca led  according t o  the  nominal temperature T and 

t r a n s l a t e d  by uni ty .  

a 
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APPENDIX E 

COMMENTS ON THE ACTIVE RADIATION SHIELD CONCEPT 
FOR ‘METEOROL9GiCBL TEMPE2XATu.E SENSORS 

Consider a temperature-controlled sh i e ld  B i l l i ngs ,  1964 L- 
designed t o  develop a parachute-bomethermometer i n  such a way a s  

t o  occlude ex te rna l  thermal r ad ia t ion ,  b u t  to  admit a i r  f o r  the  

thermal v e n t i l a t i o n  of  the  thermometer sensor .  A duc t  of some kind 

i s  the re fo re  implied through which the  v e n t i l a t i n g  a i r  must pass.  

Equations may be developed as follows f o r  the purpose of i nves t iga t ing  

the  performance of such a thermometer system. 

The temperature of t he  sensor i s  determined by convective 

hea t  t r a n s f e r  with the  a i r  i n s i d e  the duc t  ( i . e . ,  by h e a t  t r a n s f e r  

according t o  combined convective heat  t r anspor t  and thermal conduction 

i n  t h e  a i r  near the  sensor surface) ,  by r a d i a t i v e  h e a t  t r a n s f e r  with 

the  duc t  wal l s ,  by conductive hea t  t r a n s f e r  with the  sensor supporting 

s t r u c t u r e ,  and by ohmic hea t ing  within the  sensor.  

(CA) 2 = hA(Tf - T) + dr(cTS 4 - aT4) + K(Ts - T) + 8 

Linear iz ing  the  q u a r t i c  v a r i a b l e s  

3 4 T4 = a T  + b, a = 4T,, b = -3Ta, T = T a 

Le t t ing  Ar = A ( see  Glossary) ( the  f a c t o r  A /A may be included i n  a),  r 
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1 

and d iv id ing  by t h i s  a rea  produces 

C? = h C f  - T> + 0 [t(asTs + bs) - a(jT + b j  + (Ts - T) + W 

W = -6 f aYa + f ) T  + hTf + 
+ f ) T s  + - ab) + -  A 

= c  

Notice the  sensor t i m e  constant  T = cons tan t  i s  
S 

7 = C/(h + CKB + K/A) 

In  order  t o  sh i e ld  the  sensor a g a i n s t  r a d i a t i o n  from the  d i r e c t i o n  

of the  incoming a i r ,  it would seem necessary t o  d e f l e c t  the  v e n t i l a t i n g  

a i r  around a corner.* It i s  suppose t h a t ,  s ince  the  a i r  which reaches 
c 

the  sensor mus t  be de f l ec t ed  by the s h i e l d  (duc t ) ,  t he  sensor w i l l  l i e  

w i th in  the  thermal boundary layer  i n  the  duct .  Thus the  a i r  temperature 

w i l l  be changed accordingly.  Under incompressible flow condi t ions  and 

the  gross  assumption t h a t  t he  temperature r i s e  i n  the v i c i n i t y  of the  

sensor i s  some average of t h a t  across the duct,  the  increase  of 

* 
Poss ib ly  the  n u l l  reg ion  of a d i r e c t i o n a l  sensor,  such as the  f l a t  

plate ,could be o r i en ted  toward an i n l e t  aper ture ,  thus admit t ing 
"fresh" a i r  with minimal r a d i a t i o n  e r r o r .  
i n  t h i s  way may p r o f i t a b l y  reduce G and the u n c e r t a i n i t y  i n  r '  
discussed below, and lead to  an optimal configurat ion.  

A degree of compromise 
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enthalpy due t o  h e a t  t r a n s f e r  with the duc t  is  

I- 

C ( T ' - T ) = h A ( T  m s s  s - T ) / r h  rs P m  

So t h e  temperature of the a i r  approaching the  sensor i s  

TI = Too + G F s  - Trs 1 

The recovery temperature of  the  sensor w i l l  depend on a 

recovery f a c t o r  assoc ia ted  with t h e  sensor and on the  v e l o c i t y  of flow 

a t  t h e  sensor.  

- Tm - rs 2~ 
P P 

Tf = TL+ r -  
P 

2c 

V L  
= (1 - G) T o o +  GTs + r '  2~ 

P 

r '  = r(kJ - G r  S 

Notice t h a t  i n  order  f o r  the  sensor to  be responsive t o  the ambient 

a i r  temperature, the  duc t  must be  designed such t h a t  

G < l  
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Reynolds' number a t  mesospheric heights  i s  of the  order  of 

Extrapolat ing from da ta  presented i n  I n d u s t r i a l  & Engineering 

Chemistry, Vol. 28, December, 1936, p. 1429 (see Krei th ,  p. 361), 

S tan ton ' s  number would seem t o  be of the order  of 

S t  = 0.1 

Thus i t  would f u r t h e r  appear t h a t  the duc t  "length" should be such 

t h a t  

1 x 1  

Valid eva lua t ion  of the parameters G and r '  w i l l  r equ i r e  

d e t a i l e d  ana lys i s  of the  flow and boundary layer  f o r  s p e c i f i c  duct  

shapes and s i z e s .  Since r e l a t i v e l y  l i t t l e  is  known concerning 

t r a n s i t i o n  flow i n  "short  tubes" [Carley and Smetana 19661, s p e c i a l l y  

designed experiments may be necessary i n  order  t o  v e r i f y  o r  e s t a b l i s h  

u l t ima te ly  r e l i a b l e  values.  This is e spec ia l ly  apparent due t o  the  

enhanced entrance e f f e c t s  associated with a corner  o r  b a f f l e .  Indeed, 

achieving 

the  c e n t r a l  problem of the  a c t i v e  sh i e ld  concept. 

acceptable  va lues  and accuracies  f o r  G and r '  may w e l l  be 

Suppose now t h a t  the  sh ie ld  temperature i s  l i n e a r l y  con t ro l l ed  

by a servo system which suppl ies  g w a t t s  per degree temperature d i f f e rence  

- 35 - 



c 

I 
I 

i.. 

between the sensor and sh ie ld .*  The sh ie ld ,  of course,  rece ives  hea t  

from i t s  environment according t o  the  approximate l i nea r i zed  expression 

g o p o e  - Ts) oe 

equi l ibr ium with i ts  environment. The thermal environment of the  sh i e ld  

includes r a d i a t i o n  and convection in s ide  a s  we l l  a s  ou ts ide ,  and includes 

conductive paths  t o  the  sonde body. Solu t ion  of  the  hea t  equation f o r  

t he  sh i e ld  w i l l  provide va lues  f o r  g and T Thus the  h e a t  equat ion 

f o r  t h e  sh i e ld  i s  

, where T i s  the temperature of the  sh i e ld  when i t  i s  a t  

0 oe' 

c s s  = g(T - Ts) + g o e o e  - Ts) 

= cs 

Notice the  time cons tan t  of the sh ie ld  is 'I = Cs/  , For f i n i t e  
S 

servo gain g ,  the  equi l ibr ium sh ie ld  temperature "error" is 

Notice s u f f i c i e n t l y  high p w i l l  render g and T i n s i g n i f i c a n t .  
0 oe 

.k 
An "on-off" o r  o ther  nonl inear  con t ro l  may prove t o  be more p r a c t i c a l  

eventual ly ,  bu t  the  l i n e a r  assumption i s  appl ied 
modeling, 

f o r  i n i t i a l  

- 36 - 



c 

The nodal equations for the system may be written, in the 

frequency domain 

T = c/CS 

W 
+;)Ts + o(Ebs - ab) + x  T + h T f +  m a  ( 

r 'VL Tf = GTs + (1 - G) Tm+- 2 c  
P 

T S = Cs/CsS 

The signal-flow diagram may be drawn as follows: 

m 
T 

L oe 

Fig. 1. Signal-flow diagram. 
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The gain between the s ink  T (thermometer ou tput )  and each of t he  

three  sources of the diagram i s  obtained using Mason's method [&ason, 

1953, 1956 and, by superposi t ion,  t he  ove r -a l l  output  funct ion i s  found 

t o  be 

3 

T(s) = - D { 9 [ S + -  asg0] Tm(S) 

[.'@s - ab> + ';i W hr'V2] [. + } +- C 2c c + 
P 

where the  denominator i s  

K 
A + + "1 S + Fl - G)h + u p  - E a  

S ccS 
C D = S  + 

The sensor w i l l  seek i t s  equi l ibr ium values (S = j o 4 )  
a 

W hr'VL Tw + go(& + m a  - ab) + si + -16 + go) T =  2cP J 

+ @a +:) + g [ ( 1  - G)h + CI@ - Ea S 
e 

which f o r  g +m becomes 

h r  'VL (1 - G)hTw + &(E - a) + f + - 2c 
W h r 'Vz  (1 - G)hTm + o(Eb S - ab) + - A + - 2C 

- - 
( 1  - G)h - 6a(E - a )  "("" - (1 - G)h + 
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giv ing  an  e r r o r  
i 2 

+ - W hr'V 
C T ( E  - CY> raT + h3 + 

L w  2c.. 
T e - T  = IJ 

W (1 - G) h - ua(E - a )  

For f i n i t e  zero gain,  $ = the  equi l ibr ium e r r o r  i s  
g0 

(T oe + Too)(& + crfa + &)+ A ( p  + 1) 
AT = e 

P 

h + u6a + f  + p[(1 - G)h - ua(€ - 

Fina l ly ,  one might represent  the pas s ive  s h i e l d  concept i n  which 

the s h i e l d  temperature i s  no t  cont ro l led ,  bu t  whose temperature T i s  

monitored f o r  da t a  co r rec t ion  purposes, by l e t t i n g  g = 0. 

I n  add i t ion  t o  the  determining parameters G and r '  i t  is  necessary 

S 

t o  eva lua te  h under the  condi t ions  of the flow a t  t h e  sensor i n s i d e  the  

duc t .  It is poss ib l e  t h a t  t h e  v e n t i l a t i o n  speed V i s  reduced and a 

d i f f e r e n t  degree of turbulence exists i n  the  duct ,  each perhaps vary ing  

with angle  of a t t a c k  a t  the duct  entrance,  and each i n  tu rn  inf luenc ing  

h a t  the sensor .  Further study of t he  aerodynamics of s p e c i f i c  duc t  

conf igura t ions  and of the  concomitant sh i e ld  h e a t  t r a n s f e r  problem would 

f u r t h e r  e s t a b l i s h  the  f e a s i b i l i t y  of the active s h i e l d  concept. System 

mathematical models such as the  one above would a l s o  be usefu l  i n  

f 

p re sc r ib ing  experiments. 
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GLOSSARY 

L 

A Sensor e f f e c t i v e  convective sur face  a rea  (may vary  according t o  

roughness). 

Sensor e f f e c t i v e  r a d i a t i v e  surface a rea .  
r A 

c 
1 

Shield e f f e c t i v e  convective inner  Surface a r e a ,  
s 

A 

4Tay 3 l i n e a r i z i n g  f a c t o r  f o r  T 4 T4 
S '  a ,  as  

4 4 4  3Ta, l i n e a r i z i n g  term f o r  T ~ T . b,  b s  
S 

C Sensor thermal capac i ty  per a rea  A. 

S h i e l d  therma 1 capac i ty  . 
S 

c 

c Spec i f i c  hea t  of a i r .  
P 

D Denominator of system t r ans fe r  funct ion.  

G ASty a dimensionless measure of the  hea t ing  e f f e c t  of t h e  sh i e ld  

on the a i r  stream. 

Open-loop gain of the s h i e l d  temperature con t ro l  servo, o r  the  

h e a t  flow r a t e  per degree temperature d i f f e rence  

Linear iz ing  f a c t o r  f o r  heat-flow r a t e  t o  the  sh i e ld  from the 

environment . 
g0 

h Sensor e f f e c t i v e  convective c o e f f i c i e n t  
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hS 

K 

L 

I% 

r 

r 
S 

r ’  

S 

St 

T 

*a 

Te 

Tf 

oe T 

rs T 

Shield (duc t )  e f f e c t i v e  convective c o e f f i c i e n t .  

Sensor conductive coe f f i c i en t ,  heat-f  low r a t e  t o  the  sensor 

through i ts  supporting s t ruc tu re  per degree d i f fe rence  (T - Ts>* 
Charac te r i s t i c  length associated with the  sh i e ld .  

A i r  mass r a t e  through the duct. 

Sensor recovery f ac to r .  

Shield (duct)  recovery f ac to r .  

Over-all e f f e c t i v e  recovery f ac to r ,  r(>) - G r s .  

2 

Laplace transform va r i ab le .  

S 
h Nu Duct Stanton number, - = - R e R  pVCp’ 

Sensor temperature. 

Nominal temperature f o r  l i n e a r i z i n g  purposes. 

Equilibrium temperature of sensor.  

Recovery temperature a t  the  sensor.  

Equilibrium temperature of the  sh i e ld  with respec t  t o  i t s  

environment (excluding cont ro l  system). 

Recovery temperature of duct. 
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L. 

L 
i 

I 
0 

I 

TIXI 

TH 
t 

V 

v€ 

W 

a 

8 

E 

h 

Shield (duc t )  temperature. 

Atnospheric temperature. 

A i r  stream temperature a t  the sensor 

Time.  

Free stream speed, sonde f a l l  speed. 

Sensor v e n t i l a t i o n  a i r  speed. 

Sensor e l e c t r i c a l  hea t ing  power. 

Sensor abso rp t iv i ty  (long wave). 

Nondimensional servo gain, g/go. 

Duct e m i s s i v i t y  (long wave). 

Nondimensional duct surface a rea ,  r a t i o  of sh i e ld  inner  

su r face  (preceding the  sensor) t o  the e f f e c t i v e  duct ape r tu re  

&/ PV . 

c, cs N e t  hea t  input  r a t e  (per area f o r  E) t o  the  sensor f i e l d .  

U Stefan-Boltzmann constant .  

T Sensor t i m e  constant .  

T Shield time cons tan t .  
S 
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APPENDIX F 

COMMENTS ON EVALUATION OF RADAR ERRORS FROM SPHERE-RADAR RECORDS 

I n f l a t e d  radar- t racked f a l l i n g  sphere meteorological experiments, 

e s p e c i a l l y  those i n  which the  sphere t r ave r ses  an  appreciable  region a f t e r  

e j ec t ion ,  i n  which i t s  motion is insens i t i ve  t o  the  atmosphere, provide 

r ada r  da t a  cons i s t ing  of the  following phases: The f i r s t  i s  the  t r ack  

of the  veh ic l e  ( rocke t )  from the launcher t o  e j e c t i o n  of the  sphere. 

This phase may be divided i n t o  t h r u s t  and coas t  port ions.  The second 

phase i s  the  record of the  ascending sphere u n t i l  decreased speed and 

a i r  d e n s i t y  cause atmospheric drag t o  become ins ign i f i can t .  The t h i r d  

i s  the  low-drag phase near apogee. The fou r th  phase occurs when the  

sphere i s  again s u f f i c i e n t l y  decelerated by drag t o  provide meteorological 

da ta .  

co l l apse  of the  sphere. Data subsequent t o  co l l apse  is  genera l ly  

regarded a s  use less .  

The f i f t h  phase occurs when increased atmospheric pressure  causes 

It appears t h a t  circumstances a t t end ing  the  r ada r  t a r g e t  i n  the  

f i r s t  phase (pre-e jec t ion)  and the  low-drag phase (near-vacuum t r a j e c t o r y )  

permit the  measurement of radar  e r r o r  parameters i n  those phases f o r  the  

purpose of "per - f l igh t"  cor rec t ions  of t he  da t a  i n  the  sensing phases. 

For the  measurement of c e r t a i n  of  the e r r o r  parameters, the  low-drag 

phase may prove t o  be most appropriate .  

I n  the  low-drag phase the sphere i s  e s s e n t i a l l y  drag f r e e  so t h a t  

the  t a r g e t  motion may be expected to  be very  smooth, even i n  the  presence 

of poss ib l e  atmospheric inhomogeneities. Thus, a good approximation t o  
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t h e  r e a l  t r a j e c t o r y  should be possible  ( e spec ia l ly  when more than one 

radar  has tracked the t a rge t )  and a l a rge  c l a s s  of excursions from t h i s  

smooth approximation should be assignable  t o  the  measuring system. 

c a r e f u l  ana lys i s  of these  excursions w i l l  hopeful ly  lead t o  i d e n t i f i c a t i o n  

and c l a s s i f i c a t i o n  according t o  radar  subsystems and to  der iv ing  parameter 

va lues  appropr ia te  t o  subsequent data  co r rec t ion  and/or da t a  evaluation. 

A v a l i d  systematic  point-by-point es t imat ion of the  uncer ta in ty  i n  the  

meteorological da t a  due t o  radar  performance, as demonstrated i n  the  f i r s t  

and t h i r d  phases of the  s a m e  t racking mission, would be of g r e a t  b e n e f i t  

t o  users and developers a l i k e .  I f  i n  addi t ion ,  however, it becomes 

poss ib l e  t o  c o r r e c t  the  da ta  according t o  the  measured r ada r  performance, 

t h e  payoff i s  even grea te r .  The measurement of de t e rmin i s t i c  e r r o r  

parameters ( repea t ing  system non l inea r i t i e s )  may allow da ta  cor rec t ions .  

The remaining e r r o r s  may be measurable i n  terms of random parameters and 

may provide bases  fo r  e r ro r  es t imates  i n  the  meteorological da ta .  

A 

The motion of the t a r g e t  i n  the  low-drag phase is t h a t  of a po in t  

mass, s ince  the re  e x i s t  no s i g n i f i c a n t  coupling mechanisms between 

r o t a t i o n a l  and t r a n s l a t i o n a l  motions of the  sphere. (The r ada r  genera l ly  

i s  s e n s i t i v e  t o  sphere r o t a t i o n  through amplitude modulations of the  

radar  r e tu rn .  The motion 

of a po in t  m a s s  i s  given, according t o  Newton's law,  with r e s p e c t  t o  an 

i n e r t i a l  (nonaccelerat ing,  nonrotat ing)  frame of reference.  The 

acce le ra t ing  fo rce  i s  t h a t  of g r a v i t a t i o n a l  a t t r a c t i o n  t o  a d i s t r i b u t e d  

mass ( t h e  ear th) .  

known) with r e spec t  t o  a given sphere t r a j e c t o r y ,  the  g r a v i t a t i o n a l  f i e l d  

Provis ion f o r  t h i s  may be considered later.) 

I f  g rav i t a t iona l  anomalies a r e  small  enough (or no t  
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may be approximated by an appropriate  c e n t r a l  fo rce  f i e l d ,  which i n  

t u r n  suggests a coordinate  system containing a r a d i a l  member along 

which the  acce le ra t ing  fo rce  i s  directed.* F ina l ly ,  t h e  motion is 

observed i n  a r o t a t i n g  (ear th-f ixed)  frame of reference,  using sphe r i ca l  

coord ina tes  ( r ada r  range, e leva t ion ,  azimuth) with o r i g i n  displaced 

from the  a x i s  of the  e a r t h ' s  ro t a t ion .  Each radar  coordinate  i s  

expected t o  e x h i b i t  i t s  own error and noise  c h a r a c t e r i s t i c s ,  therefore  

i t  i s  des i red  u l t ima te ly  t o  express the  motion i n  t e r m s  of these  

coordinates .  . 

An adequate mathematical model of the  sphere t r a j e c t o r y  may 

the re fo re  involve a t  l e a s t  t h ree  coordinate systems (o r  some v a r i a t i o n  

of these)  : 

1. A r e c t l i n e a r  i n e r t i a l  system i n  which the  equations of motion 

a r e  solved. 

2. An ear th- f ixed  system i n  which t o  de f ine  the  g r a v i t a t i o n a l  

acce le ra t ion  and a drag per turba t ion  f a c t o r ,  to l oca t e  the 

radar  s i te ,  and perhaps t o  r e l a t e  a m i s s i l e  range coordinate  

system a l ready  defined and used by l o c a l  organiza t ions .  

3. A radar  coordinate  systemwhich i s  a l s o  ea r th  f ixed  but  using 

the  modified sphe r i ca l  coordinates  of the  r ada r  with o r i g i n  

a t  the  radar  s i te .  

In  order  t o  maximize the  region of v a l i d i t y  of the  low-drag phase 

sphere model, it i s  suggested t h a t  the drag t e r m  be included but  t h a t  i t  

* 
This i n  general  w i l l  no t  be 'Idown" t o  an observer on the  e a r t h  s ince  

h i s  "plumb bob" would be accelerated toward the  e a r t h ' s  r o t a t i o n a l  
a x i s  through i ts  mount by the c e n t r i p e t a l  fo rce  a r i s i n g  from the  
ea r th  ' s r o t a  t i on .  
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be  viewed as a jud ic ious ly  se lec ted  per turba t ion  t e r m .  Buoyancy and wind 

e f f e c t s  a r e  omitted by d e f i n i t i o n  of the  low-drag phase. 

A smoothing process based on the  model, t h a t  is, based on accura te  

knowledge of  the  s i g n a l  ( t a r g e t  motion), w i l l  enable the  ex t r ac t ion  of 

the  s i g n a l  from the  data .  The remainder, i n  terms of a noise  func t ion  

f o r  each output  channel of  t he  radar,  permits a c l o s e  s tudy of the  

no i se  based on d e t a i l e d  knowledge of p o t e n t i a l  no ise  sources i n  the  

var ious  radar  subsystems. Each of the  th ree  func t ions  w i l l  be analyzed 

f o r  c o r r e l a t i o n s  with hardware s t a t e s  and subs ta tes .  Microwave 

propagation and in t e r f e rence  e f f e c t s  w i l l  be considered. S t a t i s t i c a l  

d i s t r i b u t i o n s  and amplitudes w i l l  be  inves t iga ted  with and without 

d i scernable  de t e rmin i s t i c  e r ro r s .  Findings w i l l  determine the  f e a s i b i l i t y  

of a co r rec t ion  and/or da t a  evaluat ion scheme, and w i l l  suggest succeeding 
& 

ac t ion .  

- 47 - 


